A prospective cohort design was used to measure the association between daily cotrimoxazole-prophylaxis and infection with Plasmodium falciparum containing mutations associated with antifolate resistance among persons infected with human immunodeficiency virus (HIV) in Tororo and Busia District, in eastern Uganda. Of 149 cases of P. falciparum parasitemia diagnosed, 147 (99%) (smears from participants taking prophylaxis = 91 and smears from those not taking cotrimoxazole prophylaxis = 56) were successfully assessed for mutations in the dihydrofolate reductase ( dhfr ) and dihydropteroate synthase ( dhps ) mutations associated with antifolate resistance. Prevalences of the dhfr pure triple mutant (74% and 70%; P = 0.71), the dhps pure double mutant (95% and 88%; P = 0.21), and the dhfr/dhps pure quintuple mutant (73% and 64%; P = 0.36), were not significantly different between those taking and those not taking cotrimoxazole-prophylaxis, respectively. The overall prevalence of the pure quintuple mutant in this study was 69%, which is among the highest in Africa. Although resistance rates of P. falciparum to antifolate drugs are high, cotrimoxazole-prophylaxis in HIV-infected persons was not associated with a higher prevalence of mutations associated with antifolate resistance.
INTRODUCTION
Because of the high morbidity and mortality caused by human immunodeficiency virus (HIV) and malaria, the overlap of these two diseases in sub-Saharan Africa produces interactions of tremendous public health importance. In Uganda, the prevalence of HIV is estimated to be 6.4% in adults and 0.7% in children, 1 The transmission intensity of malaria in Tororo, Uganda, the site of the study, is very high, with a parasite prevalence of 91% among children 2-9 years of age 2 and an entomologic inoculation rate of 562 infectious bites per person per year. 3 Past evidence has demonstrated that clinical malaria is more likely to develop in HIV-infected patients than in those who are uninfected, [4] [5] [6] with an estimated 10% of clinical malaria in Africa attributable to concurrent HIV infection. 7 Furthermore, HIV-infected women are at greater risk of acquiring placental malaria during pregnancy than HIV-uninfected women. 8 Those HIV-infected patients who contract malaria are also more likely than HIV-uninfected patients to acquire severe malaria in low or unstable transmission areas, and the risk of clinical treatment failure in patients with Plasmodium falciparum malaria increases with HIV infection and decreasing CD4 cell count. 9, 10 The incidence of malaria is decreased substantially in HIVinfected patients taking prophylactic trimethoprim-sulfamethoxazole (cotrimoxazole). 11 The motivation for the current escalation in cotrimoxazole prophylaxis results from several recent studies documenting clinical benefit, including a reduction in opportunistic infections and mortality among HIV-infected adults and children taking this medication. [12] [13] [14] [15] Currently, the World Health Organization (WHO) recommends cotrimoxazole prophylaxis in all HIV-infected patients with mild to advanced disease (WHO Stages 2, 3, and 4) and in Stage 1 HIV-infected children with a low CD4 lymphocyte percentage. 16 In spite of the well-documented benefits of cotrimoxazole prophylaxis, there is concern that its widespread use will lead to the selection of P. falciparum resistance to the antifolate class of antimalarial drugs, including sulfadoxinepyrimethamine (SP). 17, 18 In Uganda, SP, in combination with chloroquine, was used as a provisional first-line therapy from 2000 until 2007, when artemether-lumefantrine became the first-line option. 19 In addition, chloroquine/SP is still being used by the Ugandan Ministry of Health for home-based management of fever, and SP remains the only recommended drug for intermittent preventive treatment of malaria in pregnancy. 20 Resistance to SP in sub-Saharan Africa is accrued in a step-wise fashion with three mutations in the dihydrofolate reductase ( dhfr ) gene (triple mutant 108N + 51I + 59R) reducing the efficacy of pyrimethamine and two mutations in the dihydropteroate synthase ( dhps ) gene (double mutant 437G + 540Q) decreasing the efficacy of sulfadoxine. 21, 22 Acquisition of a quintuple mutant parasite with all five mutations is associated with an increased risk of failure after treatment with SP. 21, 23 Previous studies have not demonstrated an increase in the prevalence of antifolate resistance mutations among the uninfected household members of HIV-infected patients on long-term cotrimoxazole prophylaxis in Tororo. 24 However, there is concern that HIV-infected patients who take cotrimoxazole prophylaxis may select for antifolate-resistant parasites, especially in areas in which malaria is highly endemic. 25 To investigate the impact of daily cotrimoxazole prophylaxis on the selection of SP-related resistance mutations in P. falciparum , we compared the prevalence of antifolate resistance mutations between HIV-infected patients who were taking and not taking cotrimoxazole prophylaxis in the Tororo District in eastern Uganda.
METHODS

Study participants and clinical study.
The cohort and study methods have been described. 11 Briefly, in April and May 2001, HIV-infected patients were recruited sequentially after coming to the AIDS Support Organization in Tororo, Uganda. Written, informed consent was provided by all participants. In 2003, Uganda Ministry of Health policy changes mandated cotrimoxazole use in HIV-infected patients, and beginning in July 2003 study participants were provided with weekly supplies of cotrimoxazole prophylaxis (160 mg of trimethoprim and 800 mg of sulfamethoxazole daily in adults and corresponding dosing in children based on weight). Doses were provided weekly in pre-packaged pill boxes for adults or in liquid concentrate form for children. However, some of the HIV-infected participants were not taking cotrimoxazole prophylaxis at the time of certain episodes of clinical malaria because of allergies to drugs, severity of illness that precluded taking the drug, or delay in initiation of prophylaxis after enrollment. During the study period from July 2003 through April 2006, a total of 3,601 blood smears were obtained from study participants, 2,154 smears were obtained from HIVinfected participants taking cotrimoxazole prophylaxis, of which 58 (2.7%) were positive, and 1,447 smears were obtained from HIV-infected participants not taking cotrimoxazole, of which 94 (6.5%) were positive. Of the 152 positive smears, there were 3 smears in which the accompanying filter paper samples had been used in previous studies, leaving 149 episodes of parasitemia available for analysis.
Each participant was visited weekly by study staff and was administered a standardized questionnaire regarding fever or illness in the preceding seven days. At the same visit, weekly blood smears and filter paper samples were collected. Slides were evaluated for Plasmodium species at the study clinic and antimalarial treatment was provided to clients at their homes. Home-based treatment consisted of SP with or without chloroquine, per Uganda Ministry of Health guidelines at the time of the study.
Laboratory methods. Thick blood smears for malaria parasites were stained with Leishman's stain and parasite density was estimated by counting the number of asexual parasites per 200 leukocytes and calculating parasites per microliter, assuming a leukocyte count of 8,000 cells/μL. Thin blood smears were used to identify Plasmodium species. Symptomatic malaria was defined as a parasitemia with either reported fever in the two days before the home visit or an axillary temperature ≥ 38.0 ° C at the time of the home visit.
We selected all available filter paper specimens from positive blood smears diagnosed in HIV-infected persons to test for molecular markers associated with antifolate resistance. We assessed for the presence of three mutations in the dhfr gene (108N, 51I, and 59R) and two mutations in the dhps gene (437G and 540Q) commonly found in eastern Africa. Additionally, we tested for one dhfr mutation (164L) and three dhps mutations (436S, 581G, and 613S) rarely found in Africa, but also associated with antifolate resistance. 22 Parasite DNA was isolated from filter paper using the Chelex extraction method, 26 and genotypes were determined by using nested polymerase chain reaction amplification, digestion with restriction endonucleases, and visualization after gel electrophoresis as described. 23, 27 Specimens were classified as wild-type, pure mutant, or mixed (both mutant and wild-type alleles detected in the same specimen).
Data analysis. Data were double-entered using Epi Info (Centers for Disease Control and Prevention, Atlanta, GA), and analyzed using STATA 10.0 (STATA Corp., College Station, TX). The chi-square test was used to compare binary characteristics between those patients with parasitemia during cotrimoxazole prophylaxis and those with parasitemia who were not taking prophylaxis. Median ages were compared by using the Wilcoxon rank-sum test. A t -test was used to evaluate geometric mean parasite density between the two groups. Prevalence estimates of assessed genotype mutations were compared between groups by using Fisher's exact test.
To account for the possibility of repeated testing of parasite strains after episodes of asymptomatic parasitemia or recrudescent malaria, we also tested only the first episode from each participant for an association between cotrimoxazole use and prevalence of antifolate resistance-conferring mutations. Multivariate analysis was used to test the association of different independent variables, including age, sex, presence of fever, and time of specimen collection, with the presence of the dhfr/dhps pure quintuple mutant compared with the presence of the mixed mutant or wild-type genotypes. Generalized estimating equation methods with exchangeable correlation structure were used to account for repeated measures among the same persons in comparing the association of independent variables with the presence of the dhfr/dhps quintuple mutant. To investigate changes in prevalence of the dhfr triple pure mutant and dhps double pure mutant over time, we analyzed results of the genotyping episodes of P. falciparum malaria obtained from HIV-infected participants from July 2003 through April 2006 by using a non-parametric extension of the rank-sum test for trend. 28 The study was reviewed and approved by the Science and Ethics Committee of the Uganda Virus Research Institute, the Uganda National Council of Science and Technology, and the Institutional Review Boards of the Centers for Disease Control and Prevention, the University of Washington, and the University of California, San Francisco.
RESULTS
Characteristics of study population. During July 2003-April 2006, we identified 149 episodes of parasitemia for analysis among the HIV-infected population. Of the 149 episodes, we were able to establish genotypes for 147 episodes (98.7%). Of these 147 episodes, 91 occurred in 60 participants taking cotrimoxazole prophylaxis and 56 occurred in 37 participants not taking prophylaxis. The reasons why 37 HIV-infected individuals were not taking cotrimoxazole prophylaxis when parasitemia was diagnosed are as follows: 8 were discontinued because of an adverse reaction to cotrimoxazole, with an average of 324 days to the first incident case of malaria; 6 were discontinued because of being too ill to take the medication, with an average of 545 days to the first incident case of malaria; and 23 acquired malaria infection after enrollment but before being started on cotrimoxazole prophylaxis, with an average of 267 days to the first incident case of malaria.
The characteristics of both groups are shown in Table 1 . There were no differences in age, sex, mean parasite density, or percent of parasitemic cases resulting in symptomatic malaria between the two groups.
Prevalence of molecular markers of folate resistance. All of the samples contained the dhfr 51I and dhfr 108N ( Table 2 ). The dhfr 59R mutation (either mixed or pure mutant) was found in 94% of the samples from patients taking cotrimoxazole prophylaxis and in 88% of the samples from patients not taking prophylaxis ( P = 0.24). All positive blood smears from patients taking cotrimoxazole contained the pure dhps 437G mutation compared with 93% pure mutants and 7% mixed mutant/wild-type from patients not taking cotrimoxazole ( P = 1.00), and the dhps 540Q mutation was found in 99% of the samples from those taking cotrimoxazole and in 98% of samples from those not taking cotrimoxazole ( P = 1.00). No significant differences were found between either the mixed or pure mutant dhfr triple mutant ( P = 0.24 and P = 0.71, respectively) or the mixed or pure mutant dhps double mutant ( P = 1.00 and P = 0.21, respectively) in the two prophylaxis groups. The pure quintuple mutant parasite was found in 73% of the samples from patients taking cotrimoxazole and in 64% of samples from patients not taking the drug ( P = 0.36). When only first episodes of each participant were tested (n = 97), the prevalence of the dhfr pure triple mutant in samples from those participants taking and not taking cotrimoxazole was 70% and 67%, respectively ( P = 0.48); the prevalence of the dhps pure double mutant in samples from those participants taking and not taking cotrimoxazole was 91% and 91%, respectively ( P = 0.63); and the prevalence of the dhfr/dhps pure quintuple mutant in samples from those participants taking and not taking cotrimoxazole was 67% and 65%, respectively ( P = 0.52).
All other tested mutations were either not detected or rarely found. The dhfr 164L mutation and the dhps 613S were not found in any samples. The dhps 436S mutation was present in only 6% of cases from patients taking cotrimoxazole and in 2% of cases from patients not taking cotrimoxazole ( P = 0.70), and the dhps 581G mutation was found in 4% and 0% of cases from those same groups, respectively ( P = 0.41).
Use of cotrimoxazole prophylaxis was not associated with an increased prevalence of the dhfr/dhps quintuple mutant even after adjusting for age, sex, presence of symptomatic malaria, and time of sample collection (odds ratio = 1.16, 95% confidence interval = 0.91-1.46, P = 0.23).
Prevalence of the double and triple pure mutants over time. During July 2003-April 2006, enrolled HIV-infected patients who had weekly sample collection for parasitemia provided 147 cases to investigate the changes in prevalence of the dhps double pure mutant and dhfr triple pure mutant over time. The data from all genotyped episodes of P. falciparum malaria in this study are shown in Figure 1 and demonstrate a statistically significant increase in prevalence of the dhfr triple pure mutant over time ( P = 0.04). The prevalence of the dhps double pure mutant was very high (87%) at the beginning of the study and showed a slight increase over time that was not statistically significant ( P = 0.52). Although the prevalence of dhfr triple mutant increased significantly over the three years of the study, the lack of association between the triple mutant and cotrimoxazole use did not vary over time.
DISCUSSION
In this prospective cohort study, we found no difference in the proportion of parasitemic episodes caused by antifolate resistant genotypes between HIV-infected people taking and not taking cotrimoxazole prophylaxis. However, three of the common antifolate resistance-conferring mutations ( dhfr -51I, 108N and dhps 437G) were already saturated among our participants, limiting our ability to detect a difference among these genotypes between groups. The two other common antifolate resistance-conferring mutations in our population ( dhfr 59R and dhps 540Q) had prevalences greater than 80%. Age or diagnosis of symptomatic malaria were not associated with the presence of markers of antifolate resistance. Previously, a five-fold reduction in the incidence of malaria has been demonstrated among HIV-infected persons in Tororo taking cotrimoxazole prophylaxis. 11 Our findings suggest that the use of cotrimoxazole prophylaxis for HIV-infected patients in areas with a baseline of high prevalence of P. falciparum dhfr and dhps mutations associated with antifolate resistance may not lead to an increase in these same mutations. This conclusion is further supported by the fact that HIV-uninfected participants and HIV-unknown participants of other studies being conducted concurrently in Tororo had nearly identical prevalences of the dhfr and dhps mutations compared with our study of HIV-infected participants. 24, 29, 30 The prevalence of mutations associated with antifolate resistance appears to be increasing over time in Tororo, reaching extremely high levels in our patient population and achieving saturation in some alleles. Cross-resistance between trimethoprim and pyrimethamine 31 and between sulfamethoxazole and sulfadoxine 32 has been documented in vitro with mutations in the dhfr and dhps genes, respectively. However, the in vivo effect of cotrimoxazole use on the acquisition of antifolate-resistant malaria parasites has not yet been established. At this point, cumulative studies in sub-Saharan Africa indicate that cotrimoxazole prophylaxis does not contribute to increased prevalence of antifolateresistant markers, 24, 33, 34 although the efficacy of cotrimoxazole prophylaxis in decreasing the incidence of malaria in some of these studies limits the power to detect a difference in these markers between those samples from participants taking cotrimoxazole prophylaxis and those samples from participants not taking this prophylaxis. 33, 34 We have directly observed the increasing prevalence of mutations associated with antifolate resistance in P. falciparum over time in Tororo ( Figure 1 ). One of several theories addressing the cause of increasing antifolate resistance hypothesizes that weak selection of antifolate-resistant parasites may be catalyzed through cotrimoxazole prophylaxis. 25 Although we cannot prove that cotrimoxazole is not contributing to the increasing prevalence of P. falciparum antifolate resistance, we believe that the high levels of antifolate resistance in Uganda before widespread use of cotrimoxazole prophylaxis and the uniform increase in the prevalences of antifolate-resistant parasites in different patient populations taking and not taking cotrimoxazole prophylaxis in Tororo provide evidence against this theory. An alternate hypothesis attributes the etiology of the increasing prevalence of antifolate-resistant parasites to the common use of SP in the region, either alone or in combination with other drugs, as a primary therapy for clinical malaria and for intermittent preventive therapy for pregnant women. A previous study has shown that after the introduction of dhfr and dhps mutations associated with antifolate resistance into eastern Africa from southeast Asia in the 1980s and 1990s, these mutations have spread across the continent after the increased use of SP as a commonly used anti-malarial therapy in southern and eastern Africa. 35 Furthermore, some of these antifolate mutations provide a transmission advantage to infect anopheline mosquitoes after therapy of patients that includes SP. 36 Causal factors associated with the increasing prevalence of antifolate resistance-conferring mutations in P. falciparum remains controversial, and may be multifactorial.
To our knowledge, the prevalence of the pure quintuple mutant (69%) and the pure and mixed quintuple mutant (90%) in Tororo are among the highest recorded in Africa. The prevalence of dhfr and dhps mutations in other studies of HIV-uninfected and HIV-unknown patients concurrently being conducted in Tororo were almost identical to those in our study. 24, 29, 30 Although these other studies are not directly comparable, they provide an indication that there was little difference in the prevalence of antifolate resistance-conferring mutations between HIV-infected and uninfected populations in Tororo. Despite this high prevalence of antifolate-resistant mutations, we have previously demonstrated that daily cotrimoxazole prophylaxis reduces the incidence of malaria and improves mortality in HIV-infected patients in this region. 11, 15 The mechanism by which cotrimoxazole can prevent malaria caused by parasites containing mutations associated with antifolate resistance has not been determined. It is possible these mutations do not diminish the protective efficacy of cotrimoxazole or perhaps that drug levels required for malaria prevention are lower than those needed for treatment.
Cotrimoxazole or other sulfa-drug use was not assessed biochemically. Therefore, we can not rule out the possibility of misclassification bias if some cotrimoxazole use was over reported in the HIV-infected patients taking cotrimoxazole and/or if use of other sulfa-drugs such as SP was underreported by malaria-infected persons not taking cotrimoxazole prophylaxis. Second, the near saturation of mutant alleles in the HIV-infected overall population at the time of study may have limited us from observing selection of P. falciparum dhfr and dhps mutations.
In summary, cotrimoxazole prophylaxis was not associated with a higher prevalence of P. falciparum dhfr and dhps mutations below saturation in our population. There was also no difference in the prevalences of the dhfr/dhps quintuple mutant between those taking and not taking cotrimoxazole prophylaxis. The efficacy of cotrimoxazole prophylaxis in reducing the incidence of malaria and preventing morbidity and mortality in HIV-infected patients has been wellestablished, even in the setting of high population levels of antifolate resistance-conferring mutations. Our present data add to the growing collection of evidence suggesting that chronic cotrimoxazole prophylaxis may not select for antifolate-resistant P. falciparum malaria in HIV-infected persons in an area of high transmission intensity and with high levels F igure 1. Prevalence of the dihydrofolate reductase pure triple mutants and dihydropteroate synthase pure double mutants among participants infected with human immunodeficiency virus over time ( P = 0.04 and P = 0.52, respectively), Uganda. of dhfr and dhps mutations associated with resistance to antifolate drugs. However, the near or total saturation of mutant alleles in the HIV-infected overall population at the time of study may have limited us from observing selection of some P. falciparum dhfr and dhps mutations. More studies are needed to determine the effect of cotrimoxazole on HIV-infected persons in areas with differing malaria transmission intensities and prevalence of antifolate resistance-conferring mutations.
